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$%675$&7 
)ORZ IRUPLQJ LV D QHDU QHW VKDSH SURFHVV IRU
PDQXIDFWXULQJ RI GLPHQVLRQDOO\ DFFXUDWH KROORZ FRPSRQHQWV
VXFKDVVKDIWLQJDVWXUELQHVWKDWLVFXUUHQWO\DWLWVGHYHORSPHQW
VWDJHIRUDHURVSDFHLQGXVWU\7KHSURFHVVKDVVHYHUDODGYDQWDJHV
VXFKDVUHGXFLQJPDWHULDOZDVWDJHH[WUHPHO\IDVWPDQXIDFWXULQJ
WLPH DQG HOLPLQDWLQJ H[WUD PDQXIDFWXULQJ SURFHVVHV VXFK DV
PDFKLQLQJ 'XH WR WKH QDWXUH RI WKLV FRPSOLFDWHG FROG
GHIRUPDWLRQSURFHVVVLJQLILFDQWPDJQLWXGHRIUHVLGXDOVWUHVVLV
LQWURGXFHG LQWR WKH FRPSRQHQW 8QGHUVWDQGLQJ WKH PDJQLWXGH
DQGGLVWULEXWLRQRIUHVLGXDOVWUHVVLVHVVHQWLDOWRWDLORUWKHIORZ
IRUPLQJSURFHVVWRDFKLHYHSDUWVZLWKLQGLPHQVLRQDOWROHUDQFHV
DQG GHVLUHG PHFKDQLFDO SURSHUWLHV 7KH SUHVHQW UHVHDUFK LV
DLPLQJWRH[SORUHWKHJHQHUDWLRQDQGHYROXWLRQRIUHVLGXDOVWUHVV
DWYDULRXVVWDJHVRIIORZIRUPLQJSURFHVVLQDWXEXODUFRPSRQHQW
PDGHIURPPDUWHQVLWLF&U1LVWDLQOHVVVWHHOXVLQJGLIIHUHQW
WHFKQLTXHV RI QHXWURQ VFDWWHULQJ [UD\ GLIIUDFWLRQ ;5' DQG
KROHGULOOLQJEDVHGRQHOHFWURQLFVSHFNOHSDWWHUQLQWHUIHURPHWU\
(63, 
5HVLGXDOVWUHVVPHDVXUHPHQWVZHUHFDUULHGRXW LQSUH
IRUPHGDQGIORZIRUPHGFRPSRQHQWVDWVXUIDFHQHDUVXUIDFHDQG
LQWKHEXONRIFRPSRQHQWVXVLQJ;5'(63,EDVHGKROHGULOOLQJ
DQG QHXWURQ GLIIUDFWLRQ WHFKQLTXHV 7KHVH PHDVXUHPHQWV ZHUH
FRQGXFWHGDWGLIIHUHQWOHYHOVRIUHGXFWLRQLQWKHWKLFNQHVVRIWKH
RULJLQDO SDUW LH DIWHU  DQG  E\ DSSO\LQJ LGHQWLFDO
IRUPLQJ SDUDPHWHUV IRU DOO VDPSOHV 7KH ;5' UHVXOWV VKRZ
VLJQLILFDQWFKDQJHLQKRRSDQGD[LDOUHVLGXDOVWUHVVOHYHOVZLWKD
UHGXFWLRQLQWKHZDOOWKLFNQHVV7KLVLVPRUHSURQRXQFHGIRUWKH
D[LDO FRPSRQHQW ZKHUH WKH DYHUDJH VWUHVV VZLWFKHV IURP
UHODWLYHO\ KLJK WHQVLOH a 03D LQ WKH RULJLQDO SDUW WR
VLJQLILFDQWFRPSUHVVLYHVWUHVVa03DLQWKHIRUPHGSDUW
DIWHU  RI UHGXFWLRQ 7KH EXON UHVLGXDO VWUHVV FRPSRQHQWV
PHDVXUHGLQWKHPLGGOHRIWKLFNQHVVRIWKHSDUWVXVLQJQHXWURQ
VFDWWHULQJVKRZDJHQHUDOLQFUHDVHLQWKHPDJQLWXGHRIUHVLGXDO
VWUHVVE\KLJKHUOHYHORIGHIRUPDWLRQLHUHGXFWLRQLQWKHZDOO
WKLFNQHVV 7KH PHDVXUHG EXON VWUHVV FRPSRQHQWV WKURXJK WKH
WKLFNQHVVZHUHWXQHGWRWHQVLOHDIWHUUHGXFLQJWKHZDOOWKLFNQHVV
E\  7KH UHVXOWV RI ;5' DQG QHXWURQ GLIIUDFWLRQ VWUHVV
PHDVXUHPHQWVVXJJHVWWKDWWKHUHVLGXDOVWUHVVDORQJWKHOHQJWKRI
WKHVDPSOHVLHD[LDOGLUHFWLRQLVFRQVLVWHQWZLWK03DDQG
 03D DIWHU  DQG  UHGXFWLRQ E\ IRUPLQJ SURFHVV
UHVSHFWLYHO\ 
7KH UHVXOWV RI (63, EDVHG KROHGULOOLQJ VKRZ WHQVLOH
KRRSUHVLGXDOVWUHVV§03DDQGDQDEUXSWIOXFWXDWLRQLH
WHQVLRQFRPSUHVVLYHWHQVLRQLQWKHD[LDOUHVLGXDOVWUHVVQHDUWKH
VXUIDFH RI WKH SDUW IROORZLQJ IORZ IRUPLQJ 7KH VWUHVVHV
PHDVXUHGE\(63,EDVHGKROHGULOOLQJDUHFRPSOHPHQWDU\WRWKH
UHVXOWVRIWKH;5'RQVXUIDFHDQGQHXWURQGLIIUDFWLRQLQWKHEXON
WRUHFRQVWUXFWWKHUHVLGXDOVWUHVVSURILOHIRUPWKHVXUIDFHWKURXJK
WRWKHEXON 
 
,1752'8&7,21 
7KH DXWRPRWLYH DHURVSDFH DQG SRZHU JHQHUDWLRQ
LQGXVWULHV DUH LQFUHDVLQJO\ LQWHQGLQJ WR UHGXFH PDQXIDFWXULQJ
FRVW E\ UHGXFLQJ PDWHULDO¶V ZDVWDJH DQG WKH WLPH VSHQW RQ
SURGXFWLRQ )ORZ IRUPLQJ LV D SURFHVV WKDW FDQ SRWHQWLDOO\
DGGUHVV WKHVH LQGXVWULDO FKDOOHQJHV 7KH SURFHVV KDV VHYHUDO
DGYDQWDJHV VXFK DV UHGXFLQJ PDWHULDO ZDVWDJH FKLSOHVV
H[WUHPHO\IDVWPDQXIDFWXULQJWLPHSURGXFHQHDUQHWVKDSHSDUWV
DQGQRQHHGIRUIXUWKHUPDFKLQLQJWRDFKLHYHWKHILQDOJHRPHWU\
,Q WKH IORZ IRUPLQJ SURFHVV D KROORZ WXEXODU SDUW QDPHO\
³SUHIRUP´LVPRXQWHGDQGFODPSHGRQDURWDWLQJPDQGUHOZKHUH
WKUHH UROOHUV DUUDQJHG FLUFXPIHUHQWLDOO\ DURXQG WKH PDQGUHO
IRUFLQJWKHSUHIRUPWRPRYHD[LDOO\DORQJWKHURWDWLQJPDQGUHO
DVVKRZQLQ(UURU5HIHUHQFHVRXUFHQRWIRXQG 
6HYHUDO SDUDPHWHUV DUH LQYROYHG LQ WKH IORZ IRUPLQJ
SURFHVVWRDFKLHYHDFRPSRQHQWZLWKLQGLPHQVLRQDOWROHUDQFHV
ZLWK D JRRG VXUIDFH ILQLVK DQG PLQLPLVHG WDQJHQWLDO IORZ WR
SUHYHQWH[FHVVLYHWKLFNQHVVUHGXFWLRQ>@7KHVHSDUDPHWHUVDUH
FODVVLILHGLQWRILYHJURXSVLQFOXGLQJSURFHVVZRUNLQJWRROLQJ
PDFKLQHDQGZRUNSLHFHSDUDPHWHUV>@±>@ 
2QHRI WKH PRVW LPSRUWDQW IDFWRUV LQ IORZ IRUPLQJ LV
IHHGUDWLRWKDWLVGHVFULEHGDVWKHUDWLRRIWKHUROOHUIHHGUDWHWR
WKH VSLQGOH VSHHG >@±>@ 6HYHUDO VWXGLHV >@±>@ KDYH EHHQ
FRQGXFWHGRQIORZIRUPLQJRIGLIIHUHQWPDWHULDOVWRIRUPSDUWV
ZLWKRXW GHIHFWV DQG ZLWK KRPRJHQRXV PLFURVWUXFWXUHV ,W ZDV
FRQFOXGHGWKDWLQFUHDVLQJRUGHFUHDVLQJWKHIHHGUDWLRPD\UHVXOW
LQ WKH IRUPDWLRQ RI YDULRXV GHIHFWV VXFK DV QRQXQLIRUP
WKLFNQHVVUHGXFWLRQLQGLDPHWHUURXJKVXUIDFHWHDULQJFUDFNLQJ
(c) ASME.
ZLWK DQ LQFUHDVH LQ IHHG UDWLR H[FHVVLYH PDWHULDO IORZ LQ DQ
RXWZDUGGLUHFWLRQZLWKDGHFUHDVHLQIHHGUDWLR>@ 
:RQJHWDO >@VWXGLHG WKH LQIOXHQFHRIVSLQQLQJUDWLR
DQGUROOHUSDWKRQWKHGHYHORSPHQWRIGHIHFWVVXFKDVEXFNOLQJ
ZULQNOHV DQG FUDFNV 7KH VWXG\ FODLPV WKDW WKH GHIHFWV LQ WKH
FRPSRQHQWVFDQEHDYRLGHGE\FKRRVLQJDVXLWDEOHUROOHUSDWK
$OVRVSLQQLQJUDWLRZKLFKLVWKHUDWLRRIWKHSUHIRUPGLDPHWHU
WR WKHPDQGUHOGLDPHWHUSOD\VDQ LPSRUWDQW UROHDV WKH KLJKHU
UDWLRPDNHVWKHSURFHVVKDUGHU>@&XWWLQJGHSWKDOVRLVFUXFLDOO\
LPSRUWDQWDVVPDOOGHSWKPD\UHVXOWLQILVKVFDOLQJRQWKHVXUIDFH
DQGODUJHGHSWKPD\UHVXOWLQKLJKO\VWUDLQHGUROOHUSURILOHV>@ 
,QDQLQYHVWLJDWLRQFRQGXFWHGE\5R\HWDO>@RQWKH
GHYHORSPHQWRISODVWLFGHIRUPDWLRQLWZDVVKRZQWKDWWKHORFDO
SODVWLFVWUDLQLQFUHDVHVIDVWHUDWWKHUROOHULQWHUIDFHFRPSDUHGWR
WKDWRI WKHPDQGUHO LQWHUIDFH DV WKH UHGXFWLRQ LQ WKH WKLFNQHVV
SURJUHVVHV ZLWK IORZ IRUPLQJ 7KHVH GLIIHUHQWLDO JUDGLHQWV LQ
SODVWLFGHIRUPDWLRQWKURXJKWKHWKLFNQHVVPD\EHRQHRIWKHPDLQ
VRXUFHV RI WKH JHQHUDWLRQ RI UHVLGXDO VWUHVVHV >@ >@ >@
2YHUDOO D VLJQLILFDQWO\ KLJK PDJQLWXGH RI UHVLGXDO VWUHVV LV
JHQHUDWHGLQWKHFRPSRQHQW 
,QDUHFHQWVWXG\FRQGXFWHGE\7VLYRXODVHWDO >@WKH
JHQHUDWLRQRIUHVLGXDOVWUHVVHVGXULQJIORZIRUPLQJSURFHVVRID
&U±0R±9IHUULWLFVWHHOZDVLQYHVWLJDWHGXVLQJ;5'DQGQHXWURQ
GLIIUDFWLRQ,QWKLVDSSURDFKZKLFKZDVWKHILUVWRQHLQLWVNLQG
WKH LQIOXHQFHRIGLIIHUHQW SDUDPHWHUV VXFK DV WKH OHYHO RIZDOO
WKLFNQHVV UHGXFWLRQ IHHG UDWH DQG UROOHUJHRPHWU\RQ UHVLGXDO
VWUHVVHV ZDV H[SORUHG ,W ZDV FRQFOXGHG WKDW D IORZ IRUPLQJ
SURFHVV ZLWK D KLJK IHHG UDWH VPDOO SHUFHQWDJHV RI WKLFNQHVV
UHGXFWLRQDQGORZFRQWDFWDQJOHUROOHUVRQDSUHIRUPZLWKORZ
KDUGQHVVUHVXOWVLQORZOHYHOVRIUHVLGXDOVWUHVV 
/LPLWHGQXPEHURIH[SHULPHQWDOGDWD>@>@±>@DUH
DYDLODEOHWRH[SODLQWKHLQIOXHQFHRIIORZIRUPLQJSDUDPHWHUVRQ
WKHJHQHUDWLRQDQGGLVWULEXWLRQRISURFHVVLQGXFHGUHVLGXDOVWUHVV
GXULQJ LQFUHPHQWDO IORZ IRUPLQJ ,Q WKH SUHVHQW UHVHDUFK
QXPEHURISDVVHVDQGPDJQLWXGHRIUHGXFWLRQ LQHDFKSDVVDUH
FKRVHQWREHLQYHVWLJDWHGWRXQGHUVWDQGWKHLUSRWHQWLDOHIIHFWVRQ
WKHPDJQLWXGHVDQGGLVWULEXWLRQRIUHVLGXDOVWUHVVLQWKHIRUPHG
FRPSRQHQW 
120(1&/$785( 
G 6WUDLQHGODWWLFHSDUDPHWHU ݀଴ 8QVWUDLQHGODWWLFHSDUDPHWHU 
( (ODVWLFPRGXOXV ߝ (ODVWLFVWUDLQ ߥ 3RLVVRQ¶VUDWLR ߪ௫௫ߪ௬௬DQGߪ௭௭ 6WUHVVFRPSRQHQWV ߝ௫௫ߝ௬௬DQGߝ௭௭ 6WUDLQFRPSRQHQWV 
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0$7(5,$/$1'0$18)$&785,1* 
7KHPDWHULDOXVHGLQWKLVVWXG\ZDVDPDUWHQVLWLF&U
1LSUHFLSLWDWLRQKDUGHQHG3+VWDLQOHVVVWHHOLQDIRUPRI
VROLG F\OLQGHUV 7KLV JUDGH RI VWHHO LV NQRZQ WR SURYLGH KLJK
VWUHQJWK JRRG FRUURVLRQ UHVLVWDQFH DQG JRRG WRXJKQHVV 7KH
QRPLQDOFKHPLFDOFRPSRVLWLRQRIWKHPDWHULDOLVJLYHQLQ7DEOH
 7KH PDWHULDO ZDV VXSSOLHG E\ 1HR1LFNHO OWG 8. LQ D
VROXWLRQDQQHDOHGFRQGLWLRQLHPLQVDWԨIROORZHGE\
DLUFRROLQJWRURRPWHPSHUDWXUH7RLQFUHDVHWKHIRUPDELOLW\RI
WKH DVUHFHLYHG PDWHULDO IXUWKHU LQKRXVH KHDW WUHDWPHQW ZDV
FRQGXFWHGDWԨIRUKRXUVDQGԨIRUKRXUVIROORZHG
E\DLUFRROLQJWRURRPWHPSHUDWXUH 
7KHSUHIRUPVZHUHPDFKLQHGIURPWKHKHDWWUHDWHGVROLG
F\OLQGHUV WR DFKLHYH VDPSOHV ZLWK LQQHU GLDPHWHU RI PP
WKLFNQHVVRIPPDQGOHQJWKRIPP7ZRSDUWVZHUHIORZ
IRUPHGWKURXJKDVLQJOHSDVVRQHUHGXFHGWRDQGWKHRWKHU
WRRIWKHLQLWLDO WKLFNQHVVDVVKRZQLQ)LJXUH7DEOH
VXPPDULVHVWKHGHWDLOVRIWKHJHRPHWULHVRIERWKWKHSUHIRUPDQG
IORZIRUPHGFRPSRQHQWV 
6LQFH WKH IORZ IRUPLQJSDUDPHWHUV KDYH D VLJQLILFDQW
LQIOXHQFHRQUHVLGXDOVWUHVVGLVWULEXWLRQLGHQWLFDOSDUDPHWHUVDUH
DSSOLHG IRU PDQXIDFWXULQJ RI ERWK SDUWV IRU WKH VDNH RI
FRQVLVWHQF\7KH SDUWV ZHUH PDQXIDFWXUHG XVLQJ IRUZDUG IORZ
IRUPLQJSURFHVVLQZKLFKWKHGLUHFWLRQVRIERWKWKHUROOHUVDQG
PDWHULDO¶VIORZDUHLGHQWLFDO 
 
;5$<',))5$&7,21 
7KH ;5' UHVLGXDO VWUHVV PHDVXUHPHQWV ZHUH FDUULHG
RXWXVLQJD35272/;5'GLIIUDFWRPHWHUDQGWKHVLQȥPHWKRG
>@$QDFFHOHUDWLRQYROWDJHRIN9DQGP$FXUUHQWZHUH
DSSOLHG WR JHQHUDWH WKH ;5' XVLQJ D &Uܭఈ  WXEH ZLWK DZDYHOHQJWKRIȜ QP7KHVWUHVVHVZHUHFDOFXODWHGIURP
WKHVWUDLQVRIWKH^`%UDJJ¶VUHIOHFWLRQDW ?ș%UDJJ
DQJOHDVVXPLQJWKHHODVWLF<RXQJ¶VPRGXOXVRI( *3DDQG
3RLVVRQ¶V UDWLR RI Ȟ  )RU HDFK VDPSOH WKH PHDVXUHPHQWV
ZHUHSHUIRUPHGDORQJKRRSDQGSDUDOOHOWRWKHIRUPLQJGLUHFWLRQ
LHD[LDODWVHYHUDOSRLQWV)RUHDFKSRLQWLQERWKGLUHFWLRQV
PHDVXUHPHQWV ZLWK  V H[SRVXUH WLPH for each measurement 
were performed. A round collimator with 1 mm diameter and 
eleven ȥ-off set angles in the range of maximum ± 33 were 
employed.  
 
+2/('5,//,1*%$6('21(63, 
(63,EDVHGKROHGULOOLQJWHFKQLTXHZDVXVHGWRPHDVXUH
KRRS DQG D[LDO UHVLGXDO VWUHVV FRPSRQHQWV RQ WKH VDPSOH
VXEMHFWHG WRUHGXFWLRQ LQ WKLFNQHVVVDPSOH7KH(63,
EDVHG KROHGULOOLQJ PHWKRG RI UHVLGXDO VWUHVVHV PHDVXUHPHQW
SURYLGHV LQIRUPDWLRQ IURP QHDU VXUIDFH LH P WR PP
GHSWK WKDW LV EH\RQG WKH SHQHWUDWLRQ GHSWK RI WKH ;5' DQG
EHORZ WKH UHVROXWLRQ RI QHXWURQ GLIIUDFWLRQ ;5' DQG QHXWURQ
GLIIUDFWLRQPHWKRGVZHUHFDUULHGDWWKHVDPHORFDWLRQWRFRPSDUH
UHFRQVWUXFW WKH IXOO VWUHVVSURILOH IURP WKH VXUIDFH WKURXJK WKH
QHDUVXUIDFHWRWKHEXONRIWKHVDPSOH$QLPDJHRIH[SHULPHQWDO
VHWXSRIWKHKROHGULOOLQJSURFHVVLVVKRZQLQ)LJXUH7KLVZDV
FDUULHGRXWXVLQJD356,0V\VWHPPDQXIDFWXUHGE\6WUHVVWHFK
XVLQJDPRQRFKURPDWLFODVHUZLWKQPZDYHOHQJWKDVDOLJKW
VRXUFH IRU LOOXPLQDWLRQ 7KH HQGPLOOV XVHG IRU WKHVH
PHDVXUHPHQWVZHUHPPFDUELGHFRDWHGGULOOV,PDJHVZHUH
UHFRUGHG GXULQJ HDFK VWHS RI LQFUHPHQWDO KROHGULOOLQJ DQG
VXEVHTXHQWO\ WKH VXUIDFH GLVSODFHPHQW FDXVHG E\ PDWHULDO
UHPRYDOUHVXOWHGGXULQJGULOOLQJZHUHPHDVXUHG7KHVWUDLQVZHUH
HYDOXDWHGEDVHGRQWKHPHDVXUHGVXUIDFHGLVSODFHPHQWDQGWKH
PHDVXUHG VWUDLQV ZHUH WKHQ XVHG IRU LQYHUVH FDOFXODWLRQ RI
UHVLGXDO VWUHVVHV XVLQJ LQWHJUDO PHWKRG DVVXPLQJ WKH<RXQJ¶V
0RGXOXVRI( *3DDQG3RLVVRQ¶VUDWLRRIȞ  
 
1(87521',))5$&7,21 
7KHQHXWURQGLIIUDFWLRQWHFKQLTXHZDVXVHGWRPHDVXUH
WKH UHVLGXDO VWUHVV LQ ERWK SUHIRUPHG DQG IORZ IRUPHG
FRPSRQHQWV XVLQJ WKH (1*,1; GLIIUDFWRPHWHU DW WKH ,6,6
VSDOODWLRQ VRXUFH ORFDWHG QHDU 2[IRUG 8.7KH OD\RXW RI WKH
(1*,1; LQVWUXPHQW DW ,6,6 DUH JLYHQ LQ >@ $W ,6,6
DFFHOHUDWHGµEXQFKHV¶RIKLJKHQHUJ\SURWRQVIURPDV\QFKURWURQ
ULQJFROOLGHZLWKDKHDY\DWRPLFWDUJHWWRJHQHUDWHZKLWHEHDPV
RI QHXWURQV LQ VKDUS SXOVHV 7KH SRO\FKURPDWLF ZDYHOHQJWK
QHXWURQV SDVV WKURXJK D PRGHUDWRU WR DFKLHYH WKHUPDO
HTXLOLEULXP WKHQ JXLGHG WR WKH H[SHULPHQWDO LQVWUXPHQWV
WKURXJKDFRQVHFXWLYHVHWRIFXUYHGDQGUHFWDQJXODUJXLGHVVOLWV
RU MDZV VDPSOH FROOLPDWRUV DQG ILQDOO\ GHWHFWRUV 7KH VOLWV
GHILQHWKHQHXWURQEHDPFURVVVHFWLRQ7KHVDPSOHLVSODFHGZLWK
WKH VFDWWHULQJ YHFWRU 4YHFWRU ELVHFWLQJ WKH LQFLGHQW DQG
GLIIUDFWHGQHXWURQEHDPV 
7KH FRXQWLQJ WLPH LV WKH WLPH DOORZHG WR REWDLQ
VWDWLVWLFDOO\DKLJKTXDOLW\GLIIUDFWLRQSDWWHUQIURPH[SRVXUHRI
WKHPHDVXUHPHQWSRLQWWRWKHQHXWURQEHDP7KHPLQLPXPJLYHQ
FRXQWLQJ WLPH IRU HDFK SRLQW IRU WKLV H[SHULPHQW ZDV
DSSUR[LPDWHO\PLQXWHVZLWKDJDXJHYROXPHRIîîPP
7KHRGROLWHDQGODVHUVFDQQHUVDUHXVHGIRUWKHSRVLWLRQLQJRIWKH
XQVWUDLQHGVDPSOHVIRUWKHGHWHUPLQDWLRQRI݀଴DQGWKHVDPSOHVRQWKHLQVWUXPHQWWDEOH 
*HQHUDOO\ PHDVXUHPHQWV RI VWUDLQ LQ WXEXODU VDPSOHV
UHTXLUHDWOHDVWVL[GLUHFWLRQVWRGHWHUPLQHWKHIXOOVWUHVVWHQVRU
+RZHYHULWZDVDVVXPHGWKDWWKHGLUHFWLRQVRISULQFLSDOVWUHVVHV
ZHUH DOLJQHG ZLWK WKH VDPSOH D[HV DQG WKHUHIRUH WKH UHTXLUHG
PLQLPXPQXPEHUVRIPHDVXUHPHQWVRIVWUDLQVZHUHUHGXFHGWR
WKUHHLQFOXGLQJSDUDOOHOWRWKHD[LDOKRRSDQGUDGLDOGLUHFWLRQV
7KHQHXWURQVGLIIUDFWHGIURPDJLYHQJDXJHYROXPHSURYLGHDQ
DYHUDJH RI HODVWLF VWUDLQ 7KH FKDQJH LQ WKH HODVWLF VWUDLQ LV
GHWHUPLQHGIURPWKHHTXDWLRQEHORZ 
 ߝ ൌ  ሺௗିௗబሻௗబ      
 
:KHUH݀LVWKHVWUDLQHGODWWLFHSDUDPHWHUDQG݀଴LVDQXQVWUDLQHG ODWWLFH SDUDPHWHU DVVXPHG WR EH LQGHSHQGHQW RI
GLUHFWLRQ6WUHVVIUHHVDPSOHZLWKGLPHQVLRQVRIPPîPPî
PPDOLJQHGZLWKD[LDOKRRSDQGUDGLDOGLUHFWLRQVUHVSHFWLYHO\
ZHUH PDQXIDFWXUHG IURP WKH SUHIRUP SDUW XVLQJ (OHFWULFDO
'LVFKDUJH 0DFKLQ ('0 7KH VWUHVVHV LQ WKUHH RUWKRJRQDO
GLUHFWLRQV ZHUH FDOFXODWHG IURP WKH PHDVXUHG VWUDLQV RI 
DQGFU\VWDOORJUDSKLFSODQHVDFFRUGLQJ
WRWKHHTXDWLRQVEHORZ 
 ߪ௫௫ ൌ  ாሺଵାజሻሺଵିଶజሻ ൣሺ ? െ ሻ߭ߝ௫௫ ൅ ߭൫ߝ௬௬ ൅ ߝ௭௭൯൧ ߪ௬௬ ൌ  ாሺଵାజሻሺଵିଶజሻ ൣሺ ? െ ሻ߭ߝ௬௬ ൅ ߭ሺߝ௫௫ ൅ ߝ௭௭ሻ൧ 
ߪ௭௭ ൌ  ாሺଵାజሻሺଵିଶజሻ ൣሺ ? െ ሻ߭ߝ௭௭ ൅ ߭൫ߝ௬௬ ൅ ߝ௫௫൯൧
 
:KHUH(LVWKH<RXQJ¶VPRGXOHVDQGȣLVWKH3RLVVRQ
UDWLRRIWKHPDWHULDO$OOODWWLFHSDUDPHWHUVZHUHFDOFXODWHGXVLQJ
D5LHWYHOG$QDO\VLV>@LQZKLFKPXOWLSOHSHDNVDUHILWWHGRYHU
D XVHU GHILQHG UDQJH 7KLV DQDO\VLV ZDV SHUIRUPHG XVLQJ WKH
*6$6VRIWZDUHLQFRQMXQFWLRQZLWKWKH,6,6LQKRXVHVRIWZDUH
23(1*(1,()RUHDFKVDPSOHVHYHUDOSRLQWVZHUHPHDVXUHG
LQWKHEXONRIWKHVDPSOHVDORQJWKHD[LDOGLUHFWLRQLQWKHPLGGOH
RIWKHZDOOWKLFNQHVVDQGDORQJWKHUDGLDOGLUHFWLRQVWDUWLQJIURP
PPEHORZWKHRXWHUVXUIDFHDQGHQGHGDWDURXQGPPIURP
WKHLQQHUVXUIDFH7KHORFDWLRQVRIWKHVHPHDVXUHPHQWVIRUHDFK
VDPSOHDUHVFKHPDWLFDOO\VKRZQLQ)LJXUH 
 
5(68/76 
$OO SDUWV ZHUH VXEMHFWHG WR UHVLGXDO VWUHVV
PHDVXUHPHQWVE\;5'DQGQHXWURQGLIIUDFWLRQWHFKQLTXHV7KH
UHVXOWV RI ;5' DQG QHXWURQ GLIIUDFWLRQ UHVLGXDO VWUHVV
PHDVXUHPHQWVDUHSUHVHQWHG LQ)LJXUH)LJXUH)LJXUHDQG
)LJXUH  UHVSHFWLYHO\ IRU 6DPSOH  6DPSOH  DQG 6DPSOH 
%XON UHVLGXDO VWUHVV LQ WKHSUHIRUP ZDVRQO\ PHDVXUHG LQ WZR
SRLQWVE\QHXWURQGLIIUDFWLRQRQHLQWKHPLGGOHRIWKHWKLFNQHVV
DQGWKHRWKHUDWPPEHORZWKHRXWHUGLDPHWHU)LJXUHD7KH
UHVXOWRIPHDVXUHPHQWVRQWKHVHSRLQWVVKRZVDYHU\ORZOHYHORI
VWUHVVLQWKHPLGGOHRIWKLFNQHVVRIWKHSUHIRUP)LJXUH7KH
PDJQLWXGHRIVWUHVVHV LQHDFKGLUHFWLRQZDV LQFUHDVHG IURP
03D WR  03D E\ PRYLQJ IURP WKH PLGGOH RI WKH SUHIRUP
WRZDUGVWKHRXWHUVXUIDFHIRUPP7KH;5'UHVXOWVVKRZKLJK
OHYHOV RI WHQVLOH UHVLGXDO VWUHVV LQERWK WKH KRRSDQG WKH D[LDO
GLUHFWLRQVRQWKHVXUIDFHRISUHIRUP 
$IWHU  UHGXFWLRQ WKH UHVLGXDO VWUHVVHV ZHUH
LQFUHDVHG WKURXJKRXW WKH WKLFNQHVV RI 6DPSOH  DV VKRZQ LQ
)LJXUH7KHEXONUHVLGXDOVWUHVVHVFKDQJHVIURPFRPSUHVVLYH
WRWHQVLOHWKURXJKWKHWKLFNQHVVE\PRYLQJIURPWKHRXWHUVXUIDFH
WRZDUG WKH LQQHUVXUIDFH7KHPDMRUYDULDWLRQZDVREVHUYHG LQ
D[LDOVWUHVV WKDW LVFKDQJLQJIURP03DDWPPEHORZWKH
RXWHUVXUIDFHWR03DDWPPEHORZWKHRXWHUVXUIDFH7KH
KRRSDQGWKHUDGLDOVWUHVVHVDUHZLWKLQWKHUDQJHRI03DWR
03D6HH)LJXUH 
6DPSOHZLWKUHGXFWLRQ LV WKHRQO\ VDPSOH WKDW
ZDV VXEMHFWHG WR WKH (63, EDVHG KROHGULOOLQJ UHVLGXDO VWUHVV
PHDVXUHPHQW LQ DGGLWLRQ WR ;5' DQG QHXWURQ GLIIUDFWLRQ
WHFKQLTXHV7KHUHVXOWRIDOO WKUHHPHDVXUHPHQWWHFKQLTXHVDUH
VXPPDULVHG LQ )LJXUH  ,Q FRQWUDU\ WR 6DPSOH  DOO WKH
PHDVXUHGEXONVWUHVVFRPSRQHQWV LQ VDPSOHZHUH WHQVLOH$W
WKHSUR[LPLW\RIWKHFHQWUHRIWKHWKLFNQHVVDQRWLFHDEOHLQFUHDVH
LVREVHUYHGLQWKHOHYHORIUHVLGXDOVWUHVVFRPSRQHQWVPHDVXUHG
E\QHXWURQGLIIUDFWLRQ)LJXUH7KHUHVXOWRI(63,EDVHGKROH
GULOOLQJVKRZVDVLJQLILFDQWGHFUHDVHLQKRRSVWUHVV§03D
FKDQJLQJIURP03DDWߤPWR03DDWDERXWPPGHSWK
EHORZ WKH RXWHU VXUIDFH KRZHYHU WKH D[LDO VWUHVV IOXFWXDWHV
VKDUSO\ZLWKLQWKLV]RQHIURPWHQVLOH03DWRFRPSUHVVLYH
03D DQG WR WHQVLOH DJDLQ 03D$WPPEHORZ WKH
VXUIDFH WKH PHDVXUHG D[LDO VWUHVVHV E\ QHXWURQ GLIIUDFWLRQ LV
FORVH WR WKH UHVXOW RI (63, +RZHYHU IRU KRRS FRPSRQHQW D
VLJQLILFDQW GLIIHUHQFH RI §03D LV REVHUYHG EHWZHHQ WKH
UHVXOWVRIERWKWHFKQLTXHVDWDURXQGWKHVDPHSRLQW7KLVFDQEH
GXH WR WKH IDFW WKDW WKH QHXWURQ GLIIUDFWLRQ UHVXOWV KDYH EHHQ
REWDLQHGE\DYHUDJLQJWKHVWUDLQGDWDFROOHFWHGIURPD[[P
YROXPHWKDWKDVOHVVUHVROXWLRQFRPSDUHGWRWKHUHVXOWRI(63,
EDVHGKROHGULOOLQJ:LWKLQ WKHߤPGLVWDQFHEHORZ WKHRXWHU
VXUIDFHWKHUHLVDQRWLFHDEOHFKDQJHLQWKHVWUHVVHVPHDVXUHGE\
(63,FRPSDUHGWRWKRVHPHDVXUHGE\;5'RQWKHVXUIDFH7KH
KLJKHVWFKDQJHLVREVHUYHGIRUD[LDOVWUHVVZKLFKLV03DRQ
WKHVXUIDFH;5'DQGGUDVWLFDOO\LQFUHDVHVWR03DDWߤP
EHORZWKHVXUIDFH(63, 
7R LQYHVWLJDWH WKH HYROXWLRQ RI UHVLGXDO VWUHVV GXULQJ
IORZ IRUPLQJ SURFHVV WKH PHDVXUHG VWUHVV FRPSRQHQWV RQ WKH
VXUIDFH DQG WKURXJK WKH WKLFNQHVV RI DOO WKUHH VDPSOHV DUH
FRPSDUHG DV VKRZQ LQ )LJXUH $OO WKH WKUHH FRPSRQHQWV RI
VWUHVVHV LQ WKH PLGGOH RI WKH WKLFNQHVV VKRZ DQ LQFUHDVH IURP
DOPRVW ]HUR VWUHVV IRU SUHIRUP WR KLJK WHQVLOH VWUHVVHV E\
GHIRUPLQJWKHVDPSOHVWRUHGXFWLRQ7KHKLJKHVWLQFUHDVHLV
PHDVXUHGIRUWKHKRRSFRPSRQHQWZKLFKUHDFKHG03DDIWHU
GHIRUPDWLRQWKHORZHVWLVPHDVXUHGIRUUDGLDOFRPSRQHQW
§03D +RZHYHU WKH PHDVXUHG VWUHVVHV RQ WKH VXUIDFH
UHGXFHGDIWHUWKHILUVWUHGXFWLRQLQWKHWKLFNQHVVDQGWKHQ
LQFUHDVHGDIWHUUHGXFWLRQ7KHPHDVXUHGKRRSVWUHVVHVIRU
DOO WKUHH FDVHV DUH WHQVLOH KRZHYHU D[LDO VWUHVVHV DUH WHQVLOH
§03DLQWKHSUHIRUPFKDQJHGWRFRPSUHVVLYHVWUHVVHVDIWHU
GHIRUPDWLRQHJ§03DZLWKGHIRUPDWLRQ 
7KHUHVXOWVRIVXUIDFHUHVLGXDOVWUHVVPHDVXUHGE\;5'
DQGWKHEXONUHVLGXDOVWUHVVPHDVXUHGE\QHXWURQGLIIUDFWLRQ LQ
WKHPLGGOHRIWKHWKLFNQHVVDORQJWKHOHQJWKLHD[LDOGLUHFWLRQ
DQG SHUSHQGLFXODU WR WKH OHQJWKV LH KRRS GLUHFWLRQ RI DOO
VDPSOHV DUH VXPPDULVHG LQ )LJXUH  0HDVXUHPHQWV E\ ERWK
WHFKQLTXHVZHUHFDUULHGRXWDZD\IURPWKHHQGVRIWKHWXEXODU
SDUWVLHDWOHDVWPPWRPLQLPLVHWKHHGJHHIIHFWDQGHQVXUH
WKDWWKHLQIRUPDWLRQDUHFDSWXUHGIURPIORZIRUPHGUHJLRQV7KH
;5' VXUIDFH VWUHVV UHVXOWV VKRZ XQLIRUP GLVWULEXWLRQ RI ERWK
D[LDODQGKRRSVWUHVVRQSUHIRUP)LJXUHDDQGWKHGHIRUPHG
VDPSOHV)LJXUHEF$VVKRZQVFKHPDWLFDOO\LQ)LJXUHWKH
QXPEHU RI SRLQWV PHDVXUHG E\ QHXWURQ GLIIUDFWLRQ ZDV IHZHU
WKDQWKRVHPHDVXUHGE\;5'$VRSSRVHGWRWKHXQLIRUPVXUIDFH
UHVLGXDOVWUHVVGLVWULEXWLRQWKHEXONVWUHVVFRPSRQHQWVPHDVXUHG
E\QHXWURQGLIIUDFWLRQDSSHDUWREHFKDQJLQJGUDVWLFDOO\DORQJWKH
D[LDOGLUHFWLRQLHIORZIRUPLQJIHHGGLUHFWLRQRIWKHVDPSOHV 
 
&21&/8',1*5(0$5.6 
,QWKLVVWXG\UHVLGXDOVWUHVVPHDVXUHPHQWVXVLQJ;5'(63,
EDVHGKROHGULOOLQJ DQGQHXWURQGLIIUDFWLRQ ZHUH FRQGXFWHG RQ
IORZIRUPHGVDPSOHVDQGWKHIROORZLQJPDMRUREVHUYDWLRQVDUH
FRQFOXGHG 
x 7KH EXON UHVLGXDO VWUHVV FRPSRQHQWV PHDVXUHG E\ QHXWURQ
GLIIUDFWLRQ VKRZ DQ LQFUHDVH LQ WKH VWUHVV PDJQLWXGHV ZLWK
KLJKHUOHYHOVRIGHIRUPDWLRQE\IORZIRUPLQJLHUHGXFWLRQ
LQWKHWKLFNQHVV7KHVHZHUH03DDQG03DLQFUHDVH
LQWKHKRRSDQGUDGLDOVWUHVVFRPSRQHQWVUHVSHFWLYHO\DIWHU
RIUHGXFWLRQLQWKHWKLFNQHVVLQFRPSDULVRQWRWKRVHRI
WKHSUHIRUP 
x 7KH VXUIDFH UHVLGXDO VWUHVV PHDVXUHG E\ ;5' VKRZ D
VLJQLILFDQW GHFUHDVH LQ WKH KRRS VWUHVV DQG KLJK OHYHOV RI
FRPSUHVVLYH VWUHVV LQ WKH D[LDO GLUHFWLRQ 03D DIWHU
 UHGXFWLRQ LQ WKH WKLFNQHVV $IWHU DQ DGGLWLRQDO 
UHGXFWLRQLQWKHWKLFNQHVVLHWKHVWUHVVFRPSRQHQWV
ZHUHLQFUHDVHGWRZDUGWHQVLOHVWUHVVHV 
x 5HVLGXDOVWUHVVHVPHDVXUHGE\(63,EDVHGKROHGULOOLQJVKRZ
D JRRG DJUHHPHQW ZLWK WKH UHVXOWV RI QHXWURQ GLIIUDFWLRQ
ZLWKLQPPEHORZWKHRXWHUVXUIDFHRIWKHVDPSOH 
x 7KHPRUHGHIRUPDWLRQLVLQGXFHGLQWRWKHVDPSOHE\UHGXFLQJ
WKHZDOO WKLFNQHVV WKHPRUHKDUPIXOWHQVLOHVWUHVVHVZLWKD
KLJKPDJQLWXGHDUHLQWURGXFHG 
$&.12:/('*0(176 
7KH DXWKRUV ZRXOG OLNH WR DFNQRZOHGJH WKH VXSSRUW
SURYLGHGE\ WKH$GYDQFHG)RUPLQJ5HVHDUFK &HQWUH $)5&
8QLYHUVLW\ RI 6WUDWKFO\GH ZKLFK UHFHLYHV SDUWLDO ILQDQFLDO
VXSSRUWIURPWKH8.¶V+LJK9DOXH0DQXIDFWXULQJ&$7$38/7
7KH VWDIIV DW (1*,1(; ,6,6 IDFLOLWLHV DUH WKDQNHG IRU WKHLU
YDOXDEOH DGYLFHV DQG VXSSRUWV GXULQJ WKH UHVLGXDO VWUHVV
PHDVXUHPHQWVE\1HXWURQ'LIIUDFWLRQ 
 
5()(5(1&(6 
>@ 0 5XQJH '+ 3ROOLWW 7UDQV 6SLQQLQJ DQG )ORZ
IRUPLQJ/HLIHOG0HWDO6SLQQLQJ 
>@ & .XELOD\ ³)ORZ )RUPLQJ RI$HURHQJLQH 0DWHULDOV´
 
>@ '7VLYRXODV - 4XLQWD GD )RQVHFD 07XIIV DQG 0
3UHXVV ³(IIHFWV RI IORZ IRUPLQJ SDUDPHWHUV RQ WKH
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Table 1: Nominal chemical composition of 15-5PH martensitic stainless steel (wt. %) 
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Table 2: Geometrical details of preform and flow formed samples 
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Figure 1: Schematic illustration of forward flow forming process [18] 
 
Figure 2: Photograph of the preform and the flow formed samples deformed for 20% and 40% of the initial thickness. 
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 Figure 3: Experimental set-up and the arrangement of ESPI based hole-drilling device for measuring residual stress 
 
a)  b) c
 
Figure 4: Schematic illustration of the location of points measured by neutron diffraction. a) Preform, b) Sample 2 (20% reduction), c) 
Sample 3 (40% reduction). 
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Figure 5: Measured surface and through thickness residual stresses by XRD and neutron diffraction respectively, on the preform. 
 
 )LJXUH Measured surface and through thickness residual stresses by XRD and neutron diffraction respectively,RQWKHIRUPHG
VDPSOHZLWKPPZDOOWKLFNQHVV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